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Abstract Volatile element, major and trace element
compositions were measured in glass inclusions in olivine
from samples across the Kamchatka arc. Glasses were
analyzed in reheated melt inclusions by electron micro-
probe for major elements, S and Cl, trace elements and F
were determined by SIMS. Volatile element–trace element
ratios correlated with fluid-mobile elements (B, Li) sug-
gesting successive changes and three distinct fluid com-
positions with increasing slab depth. The Eastern Volcanic
arc Front (EVF) was dominated by fluid highly enriched in
B, Cl and chalcophile elements and also LILE (U, Th, Ba,
Pb), F, S and LREE (La, Ce). This arc-front fluid con-
tributed less to magmas from the central volcanic zone and
was not involved in back arc magmatism. The Central
Kamchatka Depression (CKD) was dominated by a second
fluid enriched in S and U, showing the highest S/K2O and
U/Th ratios. Additionally this fluid was unusually enriched
in 87Sr and 18O. In the back arc Sredinny Ridge (SR) a third
fluid was observed, highly enriched in F, Li, and Be as well
as LILE and LREE. We argue from the decoupling of B
and Li that dehydration of different water-rich minerals at
different depths explains the presence of different fluids
across the Kamchatka arc. In the arc front, fluids were
derived from amphibole and serpentine dehydration and
probably were water-rich, low in silica and high in B,
LILE, sulfur and chlorine. Large amounts of water pro-
duced high degrees of melting below the EVF and CKD.
Fluids below the CKD were released at a depth between
100 and 200 km due to dehydration of lawsonite and
phengite and probably were poorer in water and richer in
silica. Fluids released at high pressure conditions below the
back arc (SR) probably were much denser and dissolved
significant amounts of silicate minerals, and potentially
carried high amounts of LILE and HFSE.
Keywords Melt inclusions  Kamchatka  fluids 
Trace elements  Arc magmatism
Introduction
Volatile elements such as S, Cl and F have significant
influence on magma evolution but their behavior in sub-
duction settings is still poorly understood. It has been
shown that Cl and F are important species in subducted
fluids (e.g. Alt et al. 1993; Metrich et al. 1999; Portnyagin
et al. 2002) and that sulfur dioxide is one of the three most
abundant volatiles in volcanic gases after H2O and CO2
(e.g., Carrol and Webster 1994). Because of the high fluid
mobility of sulfur and chlorine—less so for fluorine—the
mantle wedge in subduction settings becomes enriched in
those elements by subduction fluids released from the
subducted altered oceanic crust and its sediment.
Communicated by J. Hoefs.
Electronic supplementary material The online version of this
article (doi:10.1007/s00410-007-0190-z) contains supplementary
material, which is available to authorized users.
T. Churikova  G. Wo¨rner (&)  A. Kronz
Geochemisches Institut, Goldschmidtstr. 1,
37077 Go¨ttingen, Germany
e-mail: gwoerne@gwdg.de
T. Churikova
Institute of Volcanic Geology and Geochemistry,
Piip Avenue 9, Petropavlovsk–Kamchatsky, Russia
N. Mironov
Vernadsky Institute of Geochemistry and Analytical Chemistry,
Kosygin Str, 19, 117975 Moscow, Russia
123
Contrib Mineral Petrol (2007) 154:217–239
DOI 10.1007/s00410-007-0190-z
Fluid-mobile elements such as B, Li, and cosmogenic
10Be have been found as enriched species in many volcanic
arc lavas due to the input from the subducted slab (e.g.,
Chan et al. 1999; Ishikawa et al. 2001). It has been shown
(Brenan et al. 1998a; Ryan and Langmuir 1987) that these
three elements are not highly fractionated from each other
during melting and crystallization, but their mineral–fluid
partitioning (Brenan et al. 1998b) suggests distinct ‘‘fluid
release’’ patterns and decoupling of fluids with changing
P–T conditions during subduction. However, B, Li, and
10Be often show positive correlation and continuously de-
crease from the front to back arcs (Moriguti and Nakamura
1998; Chan et al. 1999; Ishikawa et al. 2001). The details
of how volatiles are transferred into the upper mantle and
what the systematic changes are in fluid chemistry with
increased slab depth remain largely unresolved.
Because the volatile elements in whole rocks are strongly
affected by degassing before and during eruption (Hansteen
and Gurenko 1998; Metrich et al. 1999; Edmonds et al.
2001; de Moor et al. 2005; Wallace 2005), melt inclusions
trapped in pristine igneous minerals are potentially the best
data source to study initial volatile contents in primary and
parental melts (Danyushevsky et al. 2002). Melt inclusions
also provide an opportunity to extend the data on melt
compositions beyond the range covered by whole rocks to-
wards more primitive compositions (Sobolev et al. 2000).
The combination of electron microprobe and SIMS analyses
on glass inclusions also provides a great advantage since
variable trace element patterns can be directly related to
variable fluid signatures and thus constrain different fluids
and their capacity to carry certain trace elements.
Geological setting and geochemical signatures
of arc rocks in Kamchatka
The Kamchatka Peninsula forms the northern part of the
Kurile–Kamchatka volcanic arc. It is located at the NE
convergent boundary of the Eurasian and Pacific plates.
Shiveluch volcano, located near the Aleutian–Kamchatka
triple-junction (Yogodzinski et al. 2001), forms the north-
ern boundary of Kamchatka’s volcanic activity. From the
east, the Pacific plate, carrying the 65 Ma old Emperor
Seamount chain, is being subducted below Kamchatka at
the rate of ~9 cm/a (Geist and Scholl 1994). Active vol-
canism continues southwards to the Kurile Island arc.
From east to west, arc volcanism on Kamchatka com-
prises three zones parallel to the subduction trench (Fig. 1):
(1) the Eastern Volcanic Front (EVF), 2) the Central
Kamchatka Depression with the large Kluchevskaya Group
(CKD) and three more northern volcanoes (NCKD) and (3)
Sredinny Ridge (SR) of the back arc. The slab depth in-
creases from 90 to 110 km below the EVF to 180–200 km
below the CKD and 300–400 km below the SR (Gorbatov
et al. 1997).
Interest for Kamchatka stems in particular from the large
magma production rate, abundance of Recent and historical
eruptions, mafic composition of the lavas and limited
sedimentary component in their source compared with
other arcs (Kersting and Arculus 1995; Turner et al. 1998;
Churikova et al. 2001). This offers the chance to investi-
gate a relatively simple system. Moreover, the across-arc
distance over which Holocene volcanic activity and large
stratovolcanos occurs (about 220 km) is comparably large
on Kamchatka and possibly the largest in the world.
Moreover the Kamchatka is one of the most active volcanic
areas of the Northern Hemisphere and produced many
large Plinian eruptions during the Holocene. Due to high
elevation of the volcanoes (e.g., Kluchevskoy volcano;
4,750 m) many of the eruptions reach the stratosphere and
may thus result in significant input of volatiles to the upper
atmosphere.
Other active volcanoes
Volcanoes studied along W-E transect:
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Dorendorf et al. (2000a) and Churikova et al. (2001)
described the geochemical features of the rocks from a
220 km E–W transect across Kamchatka’s volcanic zones
(Fig. 1). They sampled mafic lavas (>5% MgO) of Upper
Pleistocene and Holocene age from stratovolcanoes and
monogenetic cones in three volcanically active areas. They
found that the rocks were medium to high K-calkalkaline
with typical but variable arc-like trace element signatures.
Systematic geochemical variations in major and trace ele-
ments from the volcanic front to the back arc exist (Fig. 2a):
K and most incompatible trace elements, i.e., HFSE, LILE,
LREE, and certain element ratios (K/Na, La/Yb, Ce/Yb,
Sr/Y, Nb/Yb) increased with slab depth from the arc front
(EVF) to back arc (SR). HREE abundances were unfrac-
tionated and lower than in NMORB by a factor of 1.3–1.9.
The transect results suggest that the Kamchatka mantle
wedge is variably depleted possibly due to earlier MORB-
or intra-arc rifting and melting events (Churikova et al.
2001). HFSE and Hf isotope systematics (Mu¨nker et al.
2004) show that EVF and CKD magmas formed from a
depleted mantle source with low Ta/Yb ratios. By contrast,
lavas from the SR back arc have a significant contribution
of a source relatively rich in HFSE (higher Ta/Yb, low Zr/
Nb and Ba/Nb ratios). Based on the amount of an OIB
component in the mantle source, Churikova et al. (2001)
distinguish two groups of back arc rocks: (I) back arc
basalts (IAB), which are only slightly (up to 5%) enriched
by an OIB-type mantle component in their source and (II)
within-plate types basalts (WPT) with a minor slab fluid
signature. Group II is enriched by an OIB component in
their source up to 35%.
Forsteritic olivines in CKD rocks show enrichment
compared to MORB in 18O-isotopes (up to 7.5&) while
their hosts are only slightly enriched in 87Sr/86Sr (0.70366)
at nearly constant Nd-isotopes. Dorendorf et al. (2000a)
attribute this observation to a relatively large fluid flux
from the subducted Emperor Seamount chain.
These studies indicate that several components appear to
be involved in magma generation below Kamchatka: a
depleted MORB source, an OIB component (in SR rocks)
and variably enriched in 18O and 87Sr/86Sr-isotopes (EVF,
CKD) slab fluids. The data of Dorendorf et al (2000a, b)
and Churikova et al (2001) show that Pb isotopic variations
do not correlate with any slab fluid parameters (e.g.,
87Sr/86Sr, fluid mobile elements). This suggests that ter-
rigenous or pelagic sediments do not contribute in any
significant way to these magmas, and fluids are clearly
dominated by devolatilization of the subducted oceanic
crust and rocks of the Emperor Seamount Chain.
In this paper, we characterize the volatiles across this
highly productive arc, document the nature of these fluids
and quantify their release patterns during subduction. Our
study on volatiles in basaltic melts from Kamchatka aims at
understanding slab devolatilization along a 220 km tran-
sect across this active arc by analyzing glass inclusions.
Samples and analytical methods
Nine representative basalt samples were selected from each
part of the transect. Volatile (S, Cl, F), major and trace
elements were measured in reheated melt inclusions (melt
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Fig. 2 Representative compositional features of the lavas selected for
the melt inclusion study. The fields of additional whole rock data
from each zone are shown for comparison (data from Churikova et al.
2001). The most magnesian samples are chosen from each volcanic
zone: a for a given SiO2 potassium increases from the arc front to
back arc; b demonstrates depleted and enriched mantle sources for
Kamchatka arc rocks; c CKD magmas are relatively enriched in
87Sr/88Sr at constant Nd isotopes; SR samples lie on the mantle array
from MORB to OIB sources
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inclusions) hosted in olivines (Fo78–92) of lava samples
from Gamchen (EVF), Kluchevskoy and Kamen (CKD)
and Achtang and Ichinsky (SR) (Figs. 1, 2; Table 1). In the
present paper we focused on samples from Group I of the
SR (Fig. 2a–c). Most of our samples were from monoge-
netic cinder cones and had Mg# from 51.5 to 70.7. Their
mafic character suggested relatively limited and short melt
evolution before eruption.
Figure 2a–c shows the principal compositional features
of the samples studied in this paper. The fields of additional
whole rock analyses from Churikova et al. (2001) for each
zone are shown for comparison. Potassium enrichment at a
given SiO2 or MgO content is observed from the arc front
to back arc and samples were chosen for the melt inclusion
study to represent these variations (Fig. 2a). The Ta/Yb
versus Th/Yb diagram demonstrates that EVF and CKD
samples have a depleted mantle source even compared to
NMORB and the rocks from SR have a variable addition of
an enriched OIB-like source component. Our melt inclu-
sion data mimic the arc front to back arc compositional
variations documented for whole rocks. Figure 2c high-
lights Sr–Nd isotopic data for those whole rock samples
studied here. The rocks from the CKD are relatively en-
riched in 87Sr/88Sr at constant Nd isotopes, which supports
Dorendorf et al. (2000a) notion of a particularly large fluid
flux. SR samples, by contrast, lie on the mantle array
typical for MORB to OIB sources. Thus, our samples
represent the entire compositional and spatial variation
across Kamchatkas most productive arc sections.
Melt inclusions from these samples were found in Ol
and Cpx phenocrysts and had typical sizes from 10 to
100 lm. The majority of these inclusions were partially
crystallized with Ol, Opx, Cpx, Pl, Sp, Mt, and had
shrinkage bubbles. No volatile-bearing minerals (except
sulfides, which is considered in detail later) were found in
the inclusions as daughter phases.
To study the initial volatile composition early in the
evolution of the melts, we focused this study to melt
inclusions in the most magnesian olivine phenocrysts.
These glasses were found for example in olivines from
high-Mg lavas of Kluchevskoy volcano (CDK) with
MgO > 9 wt.% and CaO > 11 wt.%, representing primary,
undegassed melts. The samples of Achtang (SR, olivine
Fo82–86 and MgO ~ 5.5–8 wt% in melt inclusions), and
Gamchen (EVF, olivine Fo84–86 and MgO ~ 7.8–9 wt.% in
melt inclusions) volcanoes were more evolved. The most
evolved inclusions were studied from Kamen volcano
(CDK) and Ichinsky dike basalt (SR) with olivine Fo79–81
and inclusions with MgO ~ 4.5–6 wt%. Thus, fractional
crystallization had modified the initial fluid signature of
these included melts to some extend. In addition, post-
entrapment degassing (as discussed in detail later) also
affected volatile contents.
To avoid the effect of crystallization within melt
inclusions and to assess the major and trace element
composition of the initially trapped melts, 133 inclusions
were reheated, melted and partially homogenized
(Danyushevsky et al. 2002) and then analyzed by electron
microprobe for major elements, sulfur and chlorine. A
subset of 60 reheated inclusions was analyzed by ion probe
for trace elements and fluorine.
Analytical data for representative reheated melt
inclusions are presented in Table 2, a full data set can be
found in the data repository (electronic supplement
eTable 1, 2) or from the first two authors upon request.
The number of reheated melt inclusions per sample
varied from 4 to 35. During the reheating experiment
most daughter silicate and oxide phases were dissolved,
only some remnants of pyroxene and spinel were ob-
served in a few inclusions. Shrinkage bubbles and
daughter sulfides decreased in size but were not removed
completely after heating (Fig. 3).
Table 1 Main characteristics of the samples used in melt inclusion study
No. Sample Region Volcano Lithology Age SiO2 MgO Mg# Fos
a Foh
b
1 GAM-96-28 Eastern Volcanic Front (EVF) Gamchen Basalt Q2? 49.8 6.24 52.0 60–90 84–86
2 KLU-98-01 Central Kamchatka Depression (CKD) Kluchevskoy Mg-basalt Q4 51.94 11.72 70.7 73–91 86.5–92
3 KLU-96-03 Kluchevskoy Mg-basalt Q4 53.70 8.88 65.7 73–92 83–91
4 KLU-96-15 Kluchevskoy Mg-basalt Q4 53.70 7.32 61.2 80–92 84–89
5 KLU-96-02 Kluchevskoy Al-basalt Q4 53.99 5.19 52.7 67–91 80–84.5
6 KLU-96-14 Kluchevskoy Al-basalt Q1 54.44 4.95 51.5 72–84 83
7 2310 Kamen Mg-basalt Q3 50.54 7.13 57.1 66–82.5 78–81
8 ICH-96-19 Sredinny Ridge (SR) Ichinsky Basalt Q4? 50.40 4.88 52.5 70–84 79–80.5
9 ACH-96-02 Achtang Mg-basalt Q4? 51.20 7.89 62.4 79–87.5 82–86.5
a Range of the olivine compositions in each basalt
b Olivine compositions for grains used in heating experiment
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Table 2 Major, trace and volatile element contents in a representative set of the reheated melt inclusion glasses, recalculated to equilibrium with
their host olivine
Sample Gamchen, GAM-96-28 Kluchevskoy high-Mg Kluchevskoy high-Al
KLU-98-01 KLU-96-03 KLU-96-15 KLU-96-
02
KLU-96-
14
Glass
No.
gm162-
g1
gm184-
g1
gm_189 bul144-
g1
bul27-
g1
bul98-
g1
o139-
g1
o179-
g1
o2-
g1
t104-
g1
t13-
g1
byl_106-
g1
v24-g1
Region EVF EVF EVF CKD CKD CKD CKD CKD CKD CKD CKD CKD CKD
SiO2 48.66
a 46.92 47.93 46.57 47.97 48.88 48.26 47.45 47.79 48.92 49.40 52.02 48.55
TiO2 1.39 1.00 0.96 0.70 0.93 1.03 0.71 1.02 0.68 1.23 0.88 0.99 1.26
Al2O3 18.99 20.07 19.34 15.07 15.59 17.13 15.32 16.78 14.58 18.46 15.44 17.13 19.19
FeOb 5.46 6.57 5.53 8.51 8.53 8.51 8.51 8.50 8.51 8.46 8.50 8.52 8.49
MgO 5.14 5.17 4.83 11.28 10.51 8.69 11.32 9.77 12.16 6.08 9.49 6.88 5.82
MnO 0.10 0.11 0.12 0.09 0.16 0.11 0.06 0.07 0.06 0.13 0.11 0.15 0.09
CaO 16.77 16.77 17.91 14.81 12.76 11.53 11.83 11.87 13.01 11.48 11.55 9.63 11.16
Na2O 2.68 2.49 2.61 2.28 2.78 3.14 2.96 3.45 2.43 3.76 3.31 3.29 3.80
K2O 0.58 0.68 0.61 0.48 0.53 0.72 0.78 0.82 0.54 1.12 1.01 1.08 1.25
P2O5 0.17 0.14 0.11 0.08 0.11 0.14 0.13 0.16 0.11 0.20 0.19 0.16 0.22
Total 100 100 100 100 100 100 100 100 100 100 100 100 100
Ol hostc 86.1 83.9 85.2 90.6 89.7 87.7 90.4 89.3 91.0 83.8 88.7 84.6 83.3
B 14.98 10.80 12.31 13.49 13.97 17.72 16.15 14.08 13.66 22.74 18.61 12.53 15.04
Li 2.96 3.80 3.19 3.95 5.57 5.92 3.47 4.54 3.86 11.32 8.35 10.90 8.03
Be 0.85 0.52 0.48 0.41 0.45 0.50 0.55 0.62 0.50 1.13 0.85 0.66 0.79
Cr 2,317 213 172 168 177 124 540 109 273 377 416 123 155
Sr 439 444 381 223 266 272 321 389 262 624 559 321 366
Y 17.91 19.23 18.72 16.86 21.30 21.39 13.50 19.12 15.17 44.98 26.65 19.67 26.19
Zr 42.76 41.29 41.55 40.60 62.34 72.51 61.05 79.76 48.12 143.45 99.65 75.96 91.44
Nb 0.74 0.91 0.88 0.77 1.39 1.55 1.50 1.75 0.90 3.24 2.33 1.77 1.97
Ba 258 507 347 143 193 241 318 283 198 607 520 336 373
La 4.16 6.49 5.12 2.74 4.04 4.78 4.61 6.76 3.62 11.41 9.72 6.09 7.33
Ce 11.35 14.93 13.59 7.04 10.19 12.61 11.40 16.40 8.99 27.34 22.44 15.25 16.65
Nd 9.63 10.57 9.81 6.43 9.08 10.14 7.20 12.17 6.85 21.59 16.29 10.59 13.50
Sm 3.07 3.49 3.16 2.03 2.59 2.64 2.19 3.20 4.03 6.16 4.59 2.89 3.58
Eu 0.88 0.37 0.70 0.87 1.21 0.89 0.72 1.39 0.98 2.98 1.19 0.88 1.17
Dy 3.72 3.17 3.24 2.59 3.38 3.19 2.33 3.23 2.59 6.88 4.29 3.25 4.09
Er 1.60 2.14 2.02 1.54 2.00 2.12 1.20 2.00 1.61 4.70 2.82 1.92 2.45
Yb 1.56 1.79 1.93 1.51 1.91 2.06 1.32 1.84 1.47 4.32 2.47 1.82 2.27
Hf 1.63 1.58 1.75 1.37 1.88 1.99 1.84 2.17 1.33 4.14 2.88 2.21 2.41
Pb 0.81 0.94 2.20 1.08 1.49 1.79 2.53 0.93 1.57 6.53 3.67 2.20 2.93
Th 0.43 0.59 0.54 0.22 0.29 0.44 0.62 0.64 0.49 1.11 1.01 0.54 0.61
U 0.17 0.27 0.26 0.17 0.21 0.33 0.39 0.41 0.26 0.69 0.48 0.28 0.48
F 875 357 409 319 294 285 525 448 396 666 716 415 548
Cl 1,128 1,059 1,019 711 800 653 607 978 825 889 1,045 700 1,048
Sd 1,485 1,626 1,619 1,667 2,200 1,533 1,380 1,133 1,517 2,378 2,120 2,200 2,276
Sample Kamen, 2310 Achtang, ACH-96-02 Ichinsky, ICH-96-19
Glass
No.
2310-
43-g1
2310-
115-g1
2310-
6-g1
2310-
50-g2
2310-
11-g2
Ach2-
20-g1
Ach2-
98-g1
Ach-
248-g1
Ach2-
261-g1
Ich19-
3-g1
Ich19-
3-g2
Ich19-
6-g2
Region CKD CKD CKD CKD CKD SR SR SR SR SR SR SR
SiO2 50.72 49.38 52.13 50.72 50.94 49.35 48.42 49.49 49.26 45.93 47.26 54.05
TiO2 1.75 1.74 1.87 1.76 1.21 1.35 1.30 1.32 1.28 0.82 1.10 0.74
Al2O3 20.28 19.94 19.53 19.98 18.56 20.33 19.48 19.91 20.87 11.02 15.07 15.86
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Homogenization of melt inclusions
Selected olivine grains with partially crystallized melt
inclusions (30–100 lm in size) were doubly polished and
heated in Vernadsky Institute of Geochemistry (Russia)
following the technique of Sobolev and Danyushevsky
(1994). Olivine sections 1–2 mm thick, were mounted in a
high-temperature (up to 1,600C) low-inertia heating stage
(Sobolev and Slutsky 1984). Experiments have been car-
ried out under visual control in ultra-pure helium addi-
tionally purified with a high-temperature zirconium filter.
The temperature of the experiments was measured with a
Pt–Pt90Rh10 thermocouple and calibrated against the
melting point of Au (1,063C). To avoid volatile loss, the
Table 2 continued
Sample Kamen, 2310 Achtang, ACH-96-02 Ichinsky, ICH-96-19
Glass
No.
2310-
43-g1
2310-
115-g1
2310-
6-g1
2310-
50-g2
2310-
11-g2
Ach2-
20-g1
Ach2-
98-g1
Ach-
248-g1
Ach2-
261-g1
Ich19-
3-g1
Ich19-
3-g2
Ich19-
6-g2
Region CKD CKD CKD CKD CKD SR SR SR SR SR SR SR
FeO 6.33 6.52 7.01 6.55 7.03 6.22 6.60 6.24 5.94 15.06 10.76 9.85
MgO 3.89 3.70 3.82 3.63 3.95 4.08 6.15 5.57 5.07 8.43 6.19 6.31
MnO 0.15 0.14 0.16 0.14 0.15 0.12 0.14 0.12 0.12 0.12 0.19 0.17
CaO 10.46 12.80 8.91 11.13 12.18 12.05 12.77 11.92 11.78 14.43 14.68 7.86
Na2O 5.05 4.52 5.03 4.70 4.59 4.42 3.42 3.57 3.74 2.84 3.29 3.68
K2O 1.00 0.93 1.15 0.99 1.03 1.57 1.25 1.45 1.44 0.86 1.05 1.10
P2O5 0.31 0.25 0.29 0.32 0.27 0.42 0.39 0.34 0.43 0.25 0.27 0.27
Total 100 100 100 100 100 100 100 100 100 100 100 100
Ol host 81.2 79.6 79.2 79.1 79.1 82.1 86.5 85.9 85.3 79.7 80.0 80.0
B 14.07 11.95 14.05 15.90 12.34 7.66 5.22 5.78 6.24 2.86 3.11 4.38
Li 7.11 5.15 5.50 9.31 5.91 11.58 6.64 7.02 8.44 13.11 11.66 9.27
Be 1.04 0.74 0.99 0.99 0.65 1.14 1.01 1.15 0.98 1.20 1.30 3.67
Cr 426 157 298 687 172 166 256 280 883 2,388 1,236 2,111
Sr 372 399 422 428 361 762 555 541 678 616 584 590
Y 28.71 29.24 22.64 30.39 21.50 23.53 22.18 19.65 21.42 18.04 16.84 15.12
Zr 90.91 87.20 99.15 97.07 70.60 118.01 99.33 96.01 112.52 61.28 61.30 84.05
Nb 2.16 2.27 2.36 2.51 2.15 6.96 4.73 5.25 5.79 3.31 2.71 3.66
Ba 268 220 293 282 218 536 368 391 467 475 444 391
La 5.83 5.69 6.29 7.09 5.35 13.34 10.33 9.75 11.57 7.31 6.99 8.03
Ce 16.86 16.95 18.53 18.76 14.56 34.79 25.79 23.84 30.11 18.64 17.91 20.34
Nd 13.75 13.42 14.64 15.35 10.44 19.66 16.56 14.51 16.73 14.03 13.56 12.62
Sm 4.56 4.43 4.57 7.76 3.31 4.85 4.72 3.58 4.46 3.77 3.39 3.65
Eu 1.35 1.49 1.29 1.90 1.22 0.97 1.35 1.02 1.85 1.18 1.37 0.86
Dy 5.21 5.02 4.53 6.05 3.71 4.08 3.78 3.32 3.69 3.65 3.18 2.95
Er 3.12 3.09 2.22 3.46 2.09 2.37 2.33 2.02 2.27 1.98 1.72 1.62
Yb 2.46 2.80 1.78 2.30 2.43 2.28 2.17 1.85 2.10 1.65 1.49 1.24
Hf 2.84 2.68 3.10 4.05 1.94 3.18 2.79 2.36 2.88 2.06 1.97 2.18
Pb 17.16 1.06 1.67 2.37 2.94 5.09 3.50 2.78 4.81 3.75 2.07
Th 0.45 0.44 0.56 0.51 0.53 0.76 0.59 0.59 0.76 0.68 0.62 0.45
U 0.28 0.28 0.46 0.61 0.33 0.58 0.37 0.39 0.47 0.28 0.31 0.25
F 1,001 726 1,204 1,061 600 1,077 411 555 824 886 773 1,231
Cl 1,196 1,207 1,237 1,131 1,171 548 384 503 494 405 540 288
S 1,571 1,793 1,620 1,806 1,665 1,552 1,662 1,250 1,423 894 867 1,308
a Major elements are given in weight percent. trace elements in ppm
b Total iron expressed as FeO
c Mg# of host olivine
d Sulfur data are recalculated values for incomplete sulfide dissolution after heating using a combination of glass analyses and back-calculation
of sulfide globule contents
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time of heating did not exceed 3–10 min. The inclusions
were quenched when daughter silicate crystals were melted
and the shrinkage bubbles started to move inside. After
quenching, the grains were mounted in epoxy and carefully
polished to expose the inclusions on the surface.
A selection of representative homogenized inclusions is
shown in Fig. 3. To account for chemical changes of the
included melts, all data were recalculated to melts in
equilibrium with their host olivines. The recalculation was
based on modeling fractional melting of olivine from the
inclusion walls after Danyushevsky et al. (2002). Because
of the high Mg# in Ol from the Kluchevskoy samples the
data for this volcano were recalculated accounting for Fe–
Mg exchange between glasses and host olivine (Danyu-
shevsky et al. 2000) using the model of Ford et al. (1983)
for olivine-melt equilibria. The calculations were carried
out for water-free conditions, a pressure of 1 bar, and an
oxygen fugacity corresponding to the Ni–NiO equilibrium.
All raw data are presented in eTable 2.
Major, trace and volatile element analysis
Glass inclusions, host-minerals and sulfide globules were
analyzed for major elements, S and Cl using routine pro-
cedure analyses by a JEOL JXA 8900RL instrument at the
GZG, Go¨ttingen University, equipped with 5 WDS detec-
tors, at 15 kV, 15 nA, and 5–10 lm beam diameter. Peak
counting times for major elements were 15–30 s, for S and
Cl 60 s. For standardization, we used a set of synthetical
and natural standards.
To ensure accuracy and precision, we used a San-Carlos
olivine standard (USNM 111312/444) and natural glass
VG-2 (Jarosewich et al. 1980). Deviation from recom-
mended values was less than 5%. The quality of analyses
was also controlled by mineral stoichiometry for the oli-
vines. The precision of analyses for most major elements
was better than 5 and 7% for K and P.
From repeated measurements of a set of glass standards
the precision of analyses was calculated at ±5% for S and
±1–2% for Cl at more than 3,000 ppm. Chlorine precision
is ±14% at 300 ppm (see Table 2; electronic supplement
eTable 3). The deviation from recommended values was
always less than 5% for S and about 10% for Cl (eTable 3).
Ion probe analyses of trace elements, water and fluorine
were carried out on the Cameca IMS-4f ion microprobe
operated at the Institute of Microelectronics and Infor-
matics RAS, Yaroslavl. The measurement procedures for
trace elements and H2O analysis were similar to those
Fig. 3 Back-scattered images
of reheated melt inclusions
(a–e) and sulfide globules
(f) in Kamchatka olivines.
Sulfide globules in melt
inclusions did not disappear
after heating experiments, but
the area ratio of sulfide globules
and glass in inclusions is
nearly constant (about 1/10).
Ol olivine, Sulph sulfide,
Cpx clinopyroxene, Sp spinel,
MI melt inclusion, Sb shrinkage
bubble
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described in detail in Smirnov et al. (1995) and Nosova
et al. (2002). The method of ion probing of fluorine has
been published recently in Portnyagin et al. (2002).
Samples were coated with a 20 nm thick gold film to
avoid charge build up. O2– primary ions were accelerated
through a nominal potential of 10 kV while a 4.5 kV sec-
ondary accelerating voltage was applied to the sample. A
primary beam current of 2–4 nA was focused on the
sample over a spot diameter of 10–20 lm. Secondary ions
were collected from the imaged field of 10 or 25 lm in
diameter depending on the size of inclusions analyzed.
Energy filtering of secondary ions was applied by using a
sample-offset voltage of –100 V and an energy window of
50 eV.
Secondary mass resolving power was kept as high as M/
dM = 500 to eliminate 9Be 27Al3+ interference. All species
in the wide mass range from 7Li up to 232Th were analyzed
in the same measurement cycle. They were arranged
evenly during increasing and descending mass scans so as
to minimize mass step and therefore waiting time that was
necessary to stabilize the magnetic field when switching
from mass to mass.
Using the on line statistics control allowed the counting
time to be variable and to correspondent to the intensity of
the secondary ion current for each acquisition. Accumu-
lation stopped when relative standard deviations did not
exceed 1% for the 30Si+ reference element and 5% for other
components. Maximum accumulation time was limited to
30 s.
Volatile elements (H, F) were measured separately
from trace elements and under the special conditions. At
least 24 h pumping of the sample chamber preceded
analysis of volatiles to decrease the background level. An
area of 30 · 30 lm around the point to be analyzed was
pre-sputtered for 3 min by the primary beam. A smaller
(10 lm) spot and a higher (8 nA) primary ion current
were applied to decrease the detection limits for H and F.
The samples potential was adjusted automatically prior
each measurement to precisely keep the sample voltage
offset.
Absolute concentrations of each element were calcu-
lated from Trace Element/ 30Si+ ratios using calibrating
constants. Calibration curves were constructed using well-
certified standard samples (Jochum et al. 2000).
The stripping procedure was applied to eliminate con-
tribution of interfering molecular oxide ions at 153Eu+,
174Yb+ (Bottazzi et al. 1994). Quantification procedure of
volatiles included subtraction of instrumental background
that was determined for the host matrix (presumably
characterized by negligible H and F concentrations).
The NIST 610 reference glass was used for mass scale
calibration and SEM high voltage adjustment, thus ensur-
ing reproducibility of the analytical protocol. The deviation
from the value obtained during calibration for this standard
did not exceed 10% for each measured component. The
standard was analyzed after every 10–15 sample mea-
surements. To ensure accuracy and precision, we used
natural basaltic glass standard KL2 (Jochum et al. 2000),
which was measured after every 4–5 measurements (elec-
tronic supplement eTable 4).
Sulfur measurements
Arc magmas may contain significant amounts of S6+ rela-
tive to total S (e.g., Nilsson and Peach 1993). Due to their
valency difference of eight units, the Ka-lines of S2– and
S6+ display a significant energetic shift of approximately
1.3 eV in the X-ray emission spectrum. The peak shift of
the S–Ka line is dominated by the valency state. Co-ordi-
nation geometry and nearest neighbors play a minor role,
whereas the relative concentration of each species has no
effect. Hence there is only an apparent rather than a true
peak shift for a mixture of both sulfur species (Ho¨flich
et al. 2004).
To obtain information about the sulfur species, 40 re-
heated melt inclusions were analyzed using the peak
scan—technique between covering the S2+ and S6– peaks
and collecting the signal in peak integrated mode. Based on
the method by Carroll and Rutherford (1988) and Wallace
and Carmichael (1994) four spectrometers each equipped
with a PET analyzing crystal were used to obtain a
wavelength scan at long counting times. The measured
wavelengths ranged from 5.35604 to 5.39319 A˚ with a step
interval 0.00031 A˚, a counting time of 15 s per step at
15 kV, 15 nA, and 5–10 lm beam diameter, resulting in a
total counting time of 30 min per scan. ZnS (synthetic) and
baryte (natural) standards were used to define the S2– and
S6+ Ka emission lines. The difference of both peaks was
found to be in good agreement with literature data (Mat-
thews et al. 1999; Ho¨flich et al. 2004). Before each scan on
an unknown sample, the S–Ka peak position on the ZnS
standard was checked to compensate any machine drift. It
has to be pointed out that the build-in software for the
spectrometer wavelength-scan procedure of the manufac-
turer of the microprobe was not precise enough to fulfill the
requirements of an exact peak position determination,
neither on a sample nor on the standard. Hence, a long time
counting was applied also for the peak search on the
standard. A Gaussian peak shape was applied for S2– and
S6+ lines to deconvolute both emission lines. Reference
samples with known sulfur valence state: synthetic ZnS
(S2–), baryte (S6+), natural meionite scapolite (mainly S6+)
and natural glasses VG-2 (S2–) and ALV981R23 (S2–)
(Jarosewich et al. 1980; Mosbah et al. 1991; Metrich and
Clocchiatti 1996) were measured with the same procedure
every day during the period of measurements.
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Since the ‘‘peak-integrated’’ mode needed at least
45 min for peak fit on the standard and analyzing the un-
known sample, we needed to avoid affecting the sulfur in
the sample, either driving it out or changing its valency
state due to beam damage in the glass sample through a
reduction reaction turning S6+ into S2– (personal commu-
nication S. Weinbruch, Darmstadt). Thus we decided to
apply a more simple method to determine the sulfur content
of both species:
First the exact spectral positions of the Ka-lines for S2–
and S6+ on ZnS and baryte were determined. Then, the S–
Ka signal was measured on both wavelength positions of
the S2–Ka- and S6+Ka-emission lines during each quanti-
tative analysis. Each raw signal was quantified separately,
taking into account that both signals were overlapping.
This procedure followed the approach of Ho¨flich et al.
(2004) and provided reliable results if: (1) the peak shape
of the S–Ka emission lines can be described as Gaussian,
(2) no peak-height to peak-area deviation occurred, (3) the
peak shift was only a function of the valency state, and (4)
no intermediate valency state between S2– and S6+ oc-
curred. For quantification scapolite and natural glasses VG-
2 and ALV981R23 were used as standards.
Both methods, ‘‘peak-area scan’’ and the ‘‘simple’’
peak counting method, have been applied to the same
samples and gave a comparable result, which differ less
than 10–15% from each other. Thus, our ‘‘simple’’ ap-
proach led to a significantly shorter total counting time on
both sulfur signals (240 s) but still maintained the analyt-
ical accuracy needed for this study.
Sulfide globules were found in most melt inclusions and
did not disappear completely after heating. Metrich et al.
(1999) showed that such globules persist even after 14–
16 h of heating. However, the volume ratio of remaining
sulfide globules versus glass inclusion was nearly constant
(about 1/100) in most samples (Fig. 3b, d, e), irrespective
of whether there were a single globule of large size
(Fig. 3b, d, e) or several small globules (Fig. 3a, c, d).
Sulfide inclusions in the host olivine phenocrysts
(Fig. 3f) were rare, only few were found in olivines from
Gamchen lava (EVF, Table 3). With the latter exception,
this may suggest that Kamchatka melts were not sulfur-
saturated before entrapment of the melt inclusions. The
compositions of sulfide globules in the melt inclusions were
also different from those in host olivine phenocrysts (Ta-
ble 3), they were characterized by higher Fe, Ni and Co and
lower Cu contents. Hence, the size of sulfide globules in melt
inclusions and their distinct composition both indicated that
they were daughter phases in the inclusions and not exsolved
sulfide that formed before entrapment. Rather, they formed
due to changes in P, FeO, H2O or ƒO2 after entrapment (e.g.
Metrich et al. 1999; Danyushevsky et al. 2002).
The initial sulfur concentration could thus be calculated
as Sinitial = Smelt + Ssulfide. Based on the relative abun-
dances of sulfides, densities and S concentrations, we cal-
culated that the additional contribution of sulfide sulfur to
the melt to be about 600 ppm, which is comparable with
previously published data (Metrich et al. 1999). The sulfur
data presented in Table 2 and eTable 1 are recalculated
values using a combination of glass analyses and back-
calculation of sulfide globule contents. However, some
inclusions had higher sulfide/melt inclusion volume ratios
and resulting sulfur content should thus be considered as
minimum values.
Results
Major, trace and volatile element compositions of the re-
heated melt inclusions and Mg#[= 100 · Mg/(Mg + Fe)]
of their host olivines are presented in Table 2 and
eTable 1, 2. Fractional crystallization and degassing may
have modified the initial signature of the mantle-derived
primary magmas and thus could explain some variations in
volatiles and incompatible elements in different samples.
As trace elements and volatiles are affected by differ-
entiation and degassing, care must be taken when com-
paring data from samples with different degrees of
differentiation as measured by Fo content of the host.
Figure 4a shows variations in potassium in melt inclusions
for different host olivine composition.
The calculated differentiation paths with which to
compare observed compositions are also shown. Most
samples show some potassium enrichment due to fractional
crystallization (decreasing Fo at increasing K). However,
there is a clear enrichment independent of differentiation in
potassium and phosphorus from EVF to CKD and SR, as
observed also in the whole rock data.
Table 3 Composition of the sulfide globules in melt inclusions and olivine phenocrysts
Description na Si Fe Mn Ni Cu Co S
Sulfide globule in MI 4 0.42b 55.43 0.06 4.53 4.05 0.23 35.26
Sulfide globule in olivine 6 0.10 36.34 0.03 0.37 28.17 0.06 34.93
a Number of analyses
b Recalculated to 100 wt%
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Incompatible trace element ratios cannot change sig-
nificantly with differentiation and must represent primary
values. Therefore we use trace element ratios in our future
discussions on melt composition evolution rather than
absolute trace element abundances.
Across-arc volatile element variations
To minimize the possible effects of differentiation and
degassing we present volatile contents normalized to an
incompatible element (Fig. 5). We choose Yb for normal-
ization because it is independent of variable mantle com-
ponents (depleted MORB vs. OIB mantle).
Figure 5a, b show that the highest S/Yb ratios are ob-
served in CKD melts while Cl/Yb is similar for EVF and
CKD. Both ratios gradually decrease from the volcanic
front to the back arc. In contrast, the F/Yb ratio increases
and even the least enriched sample of the SR has F/Yb
values are two to three times higher than least enriched
samples from EVF and CKD (Fig. 5c). Due to this chlorine
depletion and fluorine enrichment, the F/Cl ratio progres-
sively increases from the arc front to the back arc (Fig. 5d).
Trace element data
Trace elements patterns of melt inclusions mimic across-
arc geochemical variations, as previously documented for
whole rock data (Churikova et al. 2001). All measured
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inclusions have typical arc-signatures with strong but var-
iable LILE and LREE enrichment and low HFSE (Fig. 6;
Table 2). LILE and HFSE concentrations increase from the
arc front to the back arc. All melts are depleted in Nb
relative to Ba or La, but for SR this depletion is less pro-
nounced than for CKD and EVF samples. HREE are much
lower than in NMORB and change only slightly between
the three groups (hence normalization of volatiles to Yb,
see below).
Compared to whole rock data, the concentrations of
incompatible trace elements and their ratios in inclusions
show a greater range (especially for CKD samples). A
similar effect has been previously described by Sobolev
et al. (2000) who suggested that melt inclusion data better
record heterogeneities in melt compositions at depth. By
contrast, lavas are more strongly affected by mixing
resulting in more homogenous compositions.
All incompatible elements are generally correlated
(Fig. 7a, b). In detail, however, incompatible trace element
ratios are variable, suggesting different sources for EVF,
CKD and SR lavas (Fig. 7c, d). CKD melt inclusions are
enriched in all incompatible elements compared to EVF
inclusions. However, the EVF and CKD melts form a
common field close NMORB. Melt inclusions from Sred-
inny Ridge lavas show variable enrichment in trace ele-
ments. This enrichment is attributed to the mixing of
NMORB and OIB magma sources in the mantle wedge.
Discussion
Before we discuss the observed changes in volatiles across
the arc and their potential connection with different fluid
sources, we need to look in more detail into volatile
behavior during magma evolution.
Variations in volatiles during melt evolution
Volatile elements are potentially affected by (1) depletion
due to crystallization of volatile-bearing phases, (2) accu-
mulation during fractional crystallization, (3) degassing,
(4) mixing of different melts, and (5) melts derived from
different mantle sources. In order to assess possible vari-
ation in fluid chemistry of the magma sources along the
descending slab (5), we first discuss these other processes
during magma ascent (1), (2) and close to the surface (3).
Because no halogen-bearing minerals such as amphibole,
apatite or phlogopite have been observed, the behavior of
halogens is not influenced by (1). Sulfur concentration is
corrected for sulfide fractionation inside melt inclusions
and the majority of lavas are sulfide under-saturated (see
above). Thus, fractionation of volatile-bearing phases (1) is
essentially ruled out.
S, Cl, and F behave as incompatible elements and
accumulate in silicate melts during fractional crystalliza-
tion and may reach saturation, which results in degassing
(Carrol and Webster 1994). S solubility decreases at lower
FeO and increases with ƒO2 up to the NNO buffer (Carrol
and Webster 1994). Due to FeO decrease caused by crys-
tallization of olivine, pyroxene and magnetite and
increasing ƒO2 during melt evolution, the sulfur solubility
should decrease in basaltic melt and sulfur degassing be-
comes likely even before entrapment of melt inclusion.
Aqueous fluid-melt partition coefficients for Cl vary
over several orders of magnitude (e.g., Bureau et al. 2000;
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Edmonds et al. 2001) and depend strongly on melt and fluid
compositions (mainly H2O) as well as P–T conditions
(Carrol and Webster 1994). Despite high chlorine solubility
in mafic melts (e.g., Lassiter et al. 2002), Cl degassing is
recorded in numerous examples (e.g., Hansteen and Gur-
enko 1998).
Fluorine is more soluble in the silicate melt (Rowe and
Schilling 1979), but comparison of fluorine contents in
matrix glasses and melt inclusions show (Carrol and
Webster 1994) that this element can also be affected by
degassing.
K (Ce, P) behaves as strongly incompatible element
similar to volatiles (Figs. 4b, 7a, b) but is not affected by
degassing. On the diagrams volatile/K2O versus Fo both
fractional crystallization and degassing are recognized
(Fig. 8). S/K2O decreases with differentiation (e.g.,
decreasing Fo) in all samples but does not change in SR
melts (Fig. 8a). Cl/K2O decreases in melts from EVF and
Kluchevskoy but not for SR and Kamen samples (Fig. 8b).
F/K2O does not change with Fo in EVF and Kluchevskoy
melts but shows strong enrichment within the SR and Kamen
samples (Fig. 8c). Figure 8d shows that sulfur has degassed
to a large extend in many samples as opposed to chlorine.
Several conclusions can be drawn from these observa-
tions:
1. Sulfur and chlorine are affected by degassing to dif-
ferent extends in most melts from EVF and CKD, but
not in the SR samples.
2. Chlorine is less degassed compared to sulfur and may
not degas at all and accumulate in the melt during
fractionation (e.g. Kamen and SR).
3. Fluorine is not affected by degassing in studied melt
inclusions and shows some minor enrichment for SR
and Kamen samples.
4. Taking the volatile/K2O ratio from the least differen-
tiated melt in the most magnesian Fo allows us to
identify the undegassed endmembers of these degas-
sing trends.
Sulfur, chlorine and fluid-mobile elements
Cl/Nb ratios are on average higher in EVF compared to
CKD while S/Nb ratios are the same in both and higher
than in samples from SR (Fig. 9). In comparison with SR
melts, melt inclusions from EVF and CKD are enriched in
both ratios but almost do not overlap. This enrichment is
correlated with B/Nb (Fig. 9a, b), suggesting that a B-rich
fluid controls S and Cl in Kamchatka lavas. EVF and CKD
melts have also higher U/Nb, Th/Nb, Ba/Nb, K/Nb and Pb/
Nb ratios (Fig. 9, two last not shown).
The enrichment of EVF and CKD melt inclusions in U,
Th, K, Ba, La, Pb and the positive correlation of these
elements with B suggests that the B-rich fluid also carries
these elements. Our melt inclusion data are in agreement
with previously published results (Ryan et al. 1995; Is-
hikawa and Tera 1997; Ishikawa et al. 2001; Wo¨rner et al.
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2001), suggesting that B-rich fluids are contributed in EVF
and CKD regions.
In detail, however, a significant difference in fluid
compositions is observed between EVF- and CKD-fluids.
EVF melts show higher enrichment in Ba/Nb, Ce/Nb and
La/Nb and less so for B/Nb and Th/Nb (Fig. 9) compared
to CKD melt inclusions. This enrichment is coupled
with high chalcophile element contents (Wo¨rner et al
2001). U/Th ratios in CKD melts are up to two to three
times higher than in the EVF (Fig. 10). This enrichment is
entirely consistent with whole rock analyses and argues for
a U-rich CKD fluid, which is distinct from the fluids at the
arc front (EVF).
On the other hand, the CKD melts show the highest S
and S/Nb values. This enrichment is coupled with high
87S/88Sr in whole rocks. In Kamchatka, where sediments
play a minor role, the fluids driving arc magmatism are
derived dominantly from the altered subducted oceanic
crust with high 18O (Dorendorf et al. 2000a). Recently Is-
hikawa et al. (2001) and Wo¨rner et al. (2001) found that
CKD rocks are also enriched in 11B isotopes (three to ten
times) compared to the neighboring EVF region of our
transect.
Subducted Hawaiian Seamount chain as fluid source
in the arc front
Because the mantle is relatively depleted in chlorine, the
main source of this element in subduction setting is sub-
ducted oceanic crust. The Hawaiian Seamount chain,
which is being subducted below Kamchatka, however,
could release particularly large amounts of chlorine. This is
confirmed by the high magma production rate in the region
and particular by the existence of the Kluchevskaya Group
of volcanoes, which is situated just inboard of the sub-
ducted seamounts. If the Hawaiian Seamount chain plays
an important role in transferring volatiles to the mantle
wedge, then a significant difference in the fluid component
contribution should be observed between our Kamchatka
transect in the N and volcanoes to the south, away from the
seamounts. Published data show that lavas of the volcanoes
to the south have higher 206Pb/204Pb (Castellana 1998;
Turner et al. 1998; Dorendorf et al. 2000b), 11B isotopes
and B/Nb ratios (Ishikawa et al. 2001). These observations
underline the distinct character of our transect rocks and
emphasize the important role of the subduction of the
seamount chain there.
However, no data exist on volatile elements (S, Cl and
F) in sources for the southern Kamchatka volcanoes and
more research on volatiles must be done on other Kam-
chatka volcanoes away from the subducted seamounts to
support our case.
Fluorine and source enrichment in back arc lavas
F/Yb ratios are plotted versus trace element ratios in
Fig. 11. Due to similar crystal-melt partitioning, incom-
patible elements ratios such as Li/Yb, Li/Dy, B/Yb, B/La,
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Ba/La, Sr/Y, Nb/Yb and F/Yb are considered to remain
unfractionated during >5% mantle melting and crystalli-
zation processes and thus represent source values (Ryan
and Langmuir 1987; McDonough and Sun 1995).
Samples from EVF and Kluchevskoy volcano (CKD)
show good correlations of F/Yb with B/Yb, but not with Li/
Yb, suggesting that mainly a boron rich fluid is responsible
for the fluorine in their source. In contrast, F/Yb in SR
samples correlates with Li/Yb but not with B/Yb (Fig. 11a,
b). In this case, the Li-rich source also contributes fluorine
in the back arc. Samples from Kamen volcano (CKD) are
enriched in all three ratios resulting in positive trends on
both diagrams, which suggest the influence of both, B- and
Li-rich components.
On the F/Yb (Y) and Nb/Yb (Y) diagram the relative
enrichment of the melts from the three zones is demon-
strated (Fig. 11c). CKD melts are enriched in Nb/Yb
compared to EVF due to smaller melting degree, but de-
pleted compared to SR melt inclusions. Strong Nb
enrichment in SR has been attributed to the involvement of
an OIB component in the melting region (Churikova et al.
2001; Mu¨nker et al. 2004). Nb is known as a conservative
element with respect to fluids.
However, a positive correlation is found in back arc
rocks between F/Yb and Nb/Yb (Fig. 11c), suggesting that
at least some F is derived from the (Nb-) enriched OIB
component in their source. For CKD and EVF, this cor-
relation is weak or absent. By contrast, EVF and CKD
melts show good correlations for F/Yb with fluid-mobile
elements (B/Yb, Ba/Yb, and Sr/Yb, Figs. 11a, 12a–c). The
B-rich arc-front fluid therefore must have carried some
fluorine along with these elements. The fluids are also
different with respect to Li. Li/Yb is correlated with fluo-
rine only in the SR back arc and for melts from Kamen
(Fig. 12d). There is no correlation between Li and F for the
arc front melts.
Thus, the arc-front and CKD fluids carry a significant
amount of fluorine correlated with fluid-mobile elements,
including B but not Li. Back arc fluorine is partly con-
tributed by a deep fluid that carries some fluid-mobile
elements including Li but no B. The second source for
fluorine is the enriched OIB component.
The enrichment in trace elements in the back arc sam-
ples (elevated Sr/Y, Ba/Y, Nb/Yb, Li/Yb and F/Y) is cor-
related with decreasing Mg# of the host olivines (Fig. 8c).
This implies that magmas from different sources may have
mixed. These magmas would then have to have different
amounts of the OIB component.
OIB enrichment versus back arc fluid
Churikova et al. (2001) suggested a contribution of 5% of
an OIB component in the mantle sources for back arc SR
samples studied here. Li concentrations in oceanic basalts
(4.3 ppm in MORB and 5.6 ppm in OIB, after Sun and
McDonough 1989) and Li/Yb ratios in both sources (1.41
and 2.59, respectively) are rather close (see Figs. 11b,
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12d). The addition of 5% OIB component would not sig-
nificantly affect the Li/Yb ratio in these melts. However,
the Li/Yb ratio varies in SR melt inclusions by a factor of 3
and exceeds that in melts from EVF and CKD by a factor
of 5 (Fig. 11b).
At garnet stability field conditions for the OIB-compo-
nent in the back arc, Yb is more compatible than Li and the
melting behavior of Li must be rather similar to Dy (Ryan
and Langmuir 1987). The Li/Dy ratio is even less variable
in MORB and OIB (0.95 and 1), but again, Li/Dy changes
from 0.8–1.2 (EVF) to 1.1–2.2 (CKD) and increases up to
1.7–3.7 in SR inclusions.
Moreover, despite that Ba/Yb and Sr/Yb are higher in
OIB sources compared to MORB (12.07 and 0.23, 22.76
and 3.21, respectively) these ratios in SR melts are all
higher still than in OIB (Fig. 12). Thus, it is impossible to
explain the enrichment of SR melts in Li/Yb and Li/Dy
only by mixing of MORB and OIB mantle sources and an
additional source contribution from a slab fluid for these
elements is required. Good correlations between these ra-
tios and Li/Yb (Y) and F/Yb (Y) ratios (Fig. 12a, b) sug-
gest that the fluid below SR is also enriched in Ba, Sr and
Be (not shown). Moreover, to reach the lowest F/Yb ratio
from the studied SR melts (189 in Achtang) required 35%
of OIB addition in the source, which is not consistent with
our previous results.
Li-rich fluids in Kamchatka back arc
While mineral–fluid partition coefficients for Li are similar
to mineral–melt values (Brenan et al. 1998a), the mineral–
fluid partition coefficient for Yb (and for Dy) is 1,000 times
larger than those for mineral–melt pairs (Ryan and Lang-
muir 1987; Brenan et al. 1998a, b). Thus, the only process
that could fractionate Li from Yb in subduction settings is
fluid release (Brenan et al. 1998b) and interaction of the fluid
phase with the mantle. Therefore back arc Li enrichment is
probably also contributed from the fluid phase.
Ryan et al. (1995) suggested for the Kuril–Kamchatka arc
that semi-mobile elements like Be and LREE may move
from the subducted slab with fluids liberated at depth
>200 km. Churikova et al. (2001) showed that about 50% of
the Ce must be contributed by fluids in the deep SR source.
Recently, Stalder and Ulmer (2001), using high-pressure
experiments (up to 14 GPa) showed that dense hydrous
magnesian silicates (DHMS) such as clinohumite
(H2O = 2–3%) and ‘‘phase A’’ (H2O = 13%) can carry
about 10% of the initially subducted water to a depth of up
to 400 km. At such depth both phases become unstable and
release a relatively small amount of water to the mantle
wedge below the back arc. Additionally, at a depth below
10 Gpa (300 km), clinohumite becomes the stable F-
bearing mineral: fluorine (up to 1%) increases the thermal
stability of the clinohumite (Stalder and Ulmer 2001) and
may transport this volatile to the deep mantle wedge.
Deep fluids are more viscous and less mobile (Keppler
1996), but still could metasomatize the upper mantle
(Stalder et al. 2001) below the back arc (SR) and produce
melts relatively enriched in Li, F, LILE, and LREE, but
also carry large amounts of nominally more immobile
elements (e.g., HFSE). The subduction trace element pat-
ters, however, are still maintained. This is in fact observed
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in SR back arc lavas and melt inclusions. We address this
additional fluid enrichment in the modeling section (see
below).
We do not imply, however, that the potential of fluid
release down to 400 km implies melting at such depth
below the Kamchatka back arc. Brenan et al. (1998a)
provided geochemical and Gerya and Yuen (2003) pre-
sented modeling evidence that fluids released from the slab
can cause melting within the mantle wedge at a location
quite removed from the origin of the fluids. Thus, while
magmatism occurs where the slab is at 300–400 km depth,
the source and origin of the fluids and the melting process
could actually be much shallower as indicated by the
potentially highly complicated pattern of mantle wedge
convection (Gerya and Yuen 2003).
Thus, our melt inclusion data provide clear evidence for
existence of at least three chemically distinct fluids below
the Kamchatka arc:
The first ‘‘EVF-fluid’’ is released in the frontal part of
the arc and is highly enriched in B, Cl and chalcophile
elements. This fluid also carries LILE (Ba, Pb), U, Th, F, S,
and LREE (La, Ce), but has relatively low U/Th. This fluid
dominates EVF sources and is gradually depleted during
slab dehydration. However, a significant contribution from
this fluid is still observed in CKD volcanoes.
The second ‘‘CKD-fluid’’ affects the Kluchevskaya
Group of volcanoes and is enriched in S, Cl and U, which
results in the high S/P2O5, Cl/P2O5 and U/Th ratios, but
relatively lower Cl/S compared to the EVF-fluid.
The third ‘‘SR-fluid’’ is enriched in F, Li and Be and
still carries relatively large amounts of LILE and LREE.
This fluid starts to be released below CKD and becomes
dominant in the back arc region.
Li–B decoupling across the Kamchatka arc
Boron is known as a highly fluid-mobile element in sub-
duction fluids and strong B-enrichment has been repeatedly
documented in the frontal zones of the volcanic arcs
(Brenan et al. 1998b; Ishikawa and Tera 1997: Ishikawa
et al. 2001). Our melt inclusion data and whole rock data
for our transect (Wo¨rner et al. 2001) clearly argue for a
strong B enrichment in EVF and CKD magma sources by
slab-derived fluids.
Li is enriched in marine sediments and weathered oce-
anic crust (Ryan and Langmuir 1987), which are the main
Li reservoirs in subduction settings (Chan et al. 1999).
Using Pb and Be isotope data, Kersting and Arculus (1995)
and Tsvetkov et al. (1989) argued that subducted sediments
play a minor role in magma generation below Kamchatka.
Pb isotope data in our transect show slight enrichment (and
probably only a very minor sediment component) in a few
EVF lavas, but not in CDK and SR regions (Churikova
et al. 2001). The variations in Sr and O isotope data show
that the fluid is largely derived from the altered oceanic
crust (Dorendorf et al. 2000a) rather than terrigenous and
pelagic sediments. Hence, such subducted sediments are
ruled out as significant Li reservoir in the back arc source.
Melt inclusions from Kamchatka show clear decoupling
of B- and Li-rich fluids: while the melts from EVF and
CKD are enriched in B/La, SR melt inclusions show
enrichment in Li/Yb (Fig. 13a). The absence of any cor-
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relation between these ratios demonstrates two different
sources for both mobile elements and thus two distinct
fluids (EVF- and SR-fluids). CKD-fluid (U-rich) is not
significantly enriched in B and Li, but overlaps with EVF-
and SR-fluids.
Because the influence of a B-rich fluid decreases from
the front to back arc (Fig. 13b; Ryan et al. 1995; Wo¨rner
et al. 2001; Ishikawa et al. 2001) and the role of a Li-rich
fluid increases, the Li/B ratio shows a strong cross-arc
zonation (Fig. 13c).
A mass balance for volatile components from slab
and mantle wedge
To quantify the changes in fluid composition across the
Kamchatka arc, we calculate the relative contribution of
volatiles from the mantle wedge and subduction compo-
nents in a simple batch melting approach. First, we define
the compositions of the endmembers. From low HREE
concentrations (by a factor 1/2 below N-MORB, Fig. 6) the
mantle wedge below Northern Kamchatka is depleted
compared to MORB-source (here ‘‘KDM’’: Kamchatka
depleted mantle) and only about 5% of OIB component is
added to the mantle sources of the SR magmas.
For volatile elements we choose a conservative ap-
proach to define the minimum contribution for the slab
fluid to the mantle source:
Sulfur is more compatible in mantle rocks than Cl and F
and has an enrichment factor of 4 in melts relative to its
source (McDonough and Sun 1995). Sulfur abundances for
MORB and OIB basalts are similar (800–1,200 ppm, e.g.,
Wallace and Carmichael 1994; Hauri 2002). Therefore not
much initial variation in sulfur concentrations should exist
in the Kamchatka mantle wedge prior to fluid enrichment.
From these data, 200–300 ppm sulfur has been estimated in
MORB and OIB mantle sources (e.g. O’Neill 1991). This
range of values is used in our model for the OIB source in
the back arc. However, the Kamchatka EVF and CKD
sources are depleted compared to MORB-basalts, sug-
gesting also depletion of sulfur in these mantle sources.
Lower values of about 50–150 ppm have been reported
from fertile peridotites (e.g., McDonough 1990; Hartmann
and Wedepohl 1990). Alt et al. (1993) showed that melts
produced in a subduction setting from a source depleted
relative to MORB-source should have 300–600 ppm of
sulfur, suggesting also about 75–150 ppm S in the source.
According to these data we assume in our calculations a
value of 50–150 ppm S for KDM. Following McDonough
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and Sun (1995), a bulk partition coefficient of 0.25 is used
for S in our model.
Chlorine determinations in MORB samples are com-
plicated by sea water assimilation. Using a Cl/K ratio in the
depleted mantle of 0.19 (Jambon et al. 1995) and potassium
values of 60–100 ppm (McDonough et al. 1992; McCul-
loch and Bennett 1994), Cl concentrations in depleted
mantle should range from 11 to 21 ppm. These data are
comparable with estimates of Unni and Schilling (1978) for
Iceland depleted mantle sources. Nevertheless, Jagoutz
et al. (1979) reported a value of only 1.33 ppm in highly
depleted ultramafic nodules. We assume the conservative
highest value of 21 ppm chlorine in or model for KDM. As
for sulfur, a lower mantle contribution for Cl would result
in an even larger amount of Cl from the slab fluid.
Chlorine in enriched sources varies from 32 ppm in high-
K peridotites from continental basalts (Hartmann and
Wedepohl 1990) to 61 ppm in rocks from the Iceland ridge
(Unni and Schilling 1978). A recent study on melt inclusions
in Hawaiian lavas (Hauri 2002) showed that primary melts
have 30–300 ppm of chlorine. Using perfect incompatibility
and a degree of melting of 25%, a source composition would
have 7.5–75 ppm Cl, which is comparable with the above
estimates. Taking into account that the lower values could be
affected by Cl degassing from the melts, we use a conser-
vative value of 30–75 ppm Cl in the OIB source.
Chlorine is a highly incompatible element similar to Rb,
Ba, and La (McDonough and Sun 1995; Jambon et al.
1995). Bulk partition coefficient for these elements is about
0.01. By analogy, this value is used for Cl in our model.
Fluorine in ultramafic low-K nodules range from 7 to
31 ppm (e.g. Jagoutz et al. 1979; Hartmann and Wedepohl
1990). The F/Sr ratio is estimated at about 2 in MORB and
OIB basalts (Rowe and Schilling 1979) and 0.7 in very
fertile peridotites (Jagoutz et al. 1979). Using these ratios
and Sr in depleted mantle from McCulloch and Bennett
(1994), the values for F should range between 11 and
33 ppm, which is comparable with estimates of 36 ppm in
depleted Iceland mantle (Rowe and Schilling 1979). We
calculate our model with a range from 7 to 36 ppm of F in
the depleted mantle source. McDonough et al. (1992)
estimate of 25 ppm F in primitive mantle is within this
range.
Based on fluorine data in pillow lavas, Rowe and
Schilling (1979) proposed 74 ppm F for enriched mantle
below Iceland. In olivine-hosted melt inclusions from
Hawaiian OIB, fluorine values in primary magmas have
been estimated between 380 and 540 ppm (Hauri 2002).
Using these data and a partition coefficient of 0.06 (after
Rowe and Schilling 1979) and assuming 25–30% of partial
melting, the values for Hawaiian OIB source would range
between 100 and 180 ppm. This range of values is used in
our model for the OIB source.
Primary volatile contents in magmas
The average contents for S, Cl and F in Gamchen melt
inclusions are taken to be representative for the EVF. Due
to their differences in volatiles for Kluchevskoy and Ka-
men, their averages are calculated separately. Average
values in melts from Fo79–81 are used as starting values for
Kamen. Because sulfur and chlorine have been affected by
degassing during fractional crystallization, the average
values of the three least fractionated samples of Kluchev-
skoy volcano and data from most magnesian olivines
(Fo85–87) of SR are taken to represent original S and Cl in
Kluchevskoy and SR magmas, respectively. Despite large
relative uncertainties in the values of S (and less for Cl) in
our primary magmas, they are still inside the proposed
range of sulfur in undifferentiated sub-arc melts (500–
2,200 ppm, after Fisher and Marty 2005). However, these
values for S and Cl can be considered as the minimum
values due to shallow level degassing.
Fluorine did not degas from the melts but accumulated
during fractional crystallization. Fluorine primary magma
values for Kluchevskoy volcano are estimated from the
glass inclusions in the most magnesian olivine hosts (Fo89–
92) only as 300 ppm. F from mafic melt inclusions hosted
in most magnesian olivines (Fo85–86) from Achtang vol-
cano is taken as the parental value in SR magmas.
Model results
Based on our estimates for volatile element concentrations
and primary volatile contents in magmas, our model
compares model melts of unmodified mantle source with
observed primary values. Model melts are obtained for 20,
12 and 10% partial melting for EVF, CKD and SR melts,
respectively (Churikova et al. 2001). The difference is
quantified and represents the volatile composition from the
slab fluid. The modeling results are presented in Fig. 14 as
proportion of volatile elements as from the slab fluid versus
mantle wedge.
This proportion of volatiles derived from the slab rela-
tive to the mantle wedge (‘‘slab/mantle contribution’’) and
volatile content in melts is well expressed for S, Cl and F/
Cl. Fluorine in EVF and CKD samples shows a positive
correlation only. A higher fluorine mantle contribution in
the source of back arc lavas is due to the OIB component
(Fig. 14a–d). Slab contributions relative to mantle gradu-
ally decrease from the arc front to the back arc for S and Cl,
but no systematically change is observed for F. The SR-
fluid is more than five times richer in F relative to Cl
compared to the arc front fluids (Fig. 14e–h).
From our calculations, more than 60% of the sulfur and
chlorine in Kamchatka melts are contributed from the
subducted slab. The same is valid for fluorine in most of
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our melts. If we assume the highest plausible F values for
KDM and OIB (36 and 180 ppm) then about 30% of
fluorine is contributed from the mantle wedge in Klu-
chevskoy melts and still about 50% in the back arc glasses
(Fig. 14; Table 4). Thus, a significant amount of volatiles
(up to 50% for fluorine) could be contributed by OIB
components in back arc lavas.
The results illustrate that:
(a) Based on the conservative parameters chosen for the
model, Cl and S are largely contributed (>60%) by the
slab fluid. A significant portion of F must also be
derived from the slab even for the back arc magmas
(>30–50%).
(b) The composition of fluids from the subduction com-
ponent is distinctly different between the three vol-
canic zones (Table 4): sulfur slightly decreases from
the arc front to back arc, but maximum S values
(almost twice as high compared to EVF and SR) are
observed in Kluchevskoy melts. Chlorine is rather
similar in EVF and CKD fluids, but three times lower
in SR. Fluorine in EVF and Kluchevskoy is half than
that in Kamen and SR fluids (despite an additional
contribution from OIB-source in SR);
(c) Cl/S ratios in subduction components are two to
threefold higher in EVF and Kamen compared to
Kluchevskoy (because of its high S content) and SR;
(d) F/Cl ratios in fluids increase progressively from East
to West across the arc;
(e) This general zonation in fluid composition from arc
front to back arc (decrease in S and Cl and increase in
F and F/Ce ratio) is repeated by significant variations
on a smaller local scale: Kluchevskoy and Kamen
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volcanoes, situated close to each other (about 5 km),
show a contribution of three significantly different
fluids. While the Kluchevskoy source is affected only
by EVF- and CKD-fluids, which carry high S and Cl
but less amounts of F, the source of Kamen lavas has
an additional component of the SR-fluid, suggesting
an additional F enrichment from the slab.
Summary and conclusions
Our data show across-arc variations in volatile and fluid
mobile elements in Kamchatka’s magmas. Three distinct
fluids are identified based on variable volatile elements (S,
Cl and F) in the subduction component, which differ sig-
nificantly across the arc.
The EVF arc front fluid carries the highest amounts of B
and Cl. It is also enriched in chalcophile elements, LILE
and LREE. The CKD-fluid is highly enriched in S and U,
but less in F. This fluid shows the highest 87Sr/86Sr, 18O,
11B and U/Th signatures, which are attributed to the high
fluid flux from the altered subducted oceanic crust and
subducted seamounts. The SR-fluid is Li- and F-rich and is
first observed to contribute to the CKD at 180 km above
the slab. In the back arc region (300–400 km above the
slab) this fluid carries more Sr, Ba, Be and LREE. In
contrast to the neighboring Kluchevskoy volcano (5 km to
N), Kamen melts are additionally enriched in phosphorus,
lithium and fluorine (Figs. 7a, 11b). Such difference could
be explained by deeper melting region compared to Klu-
chevskoy volcano. As a result, melts from Kamen volcano
show overlap by all fluids having high B/La, U/Th and Li/
Y (Figs. 10, 11b, 13a).
Because all fluids are rich in Ba, no cross-arc variation
in the Ba/Zr ratio is observed. B and Li behave differently
and appear to be decoupled. This is an unexpected result. It
appears that the absence of a significant sediment contri-
bution allows to better characterize the character of slab
fluids derived from subducted oceanic basalts.
S contents in melt inclusions may be affected by deg-
assing and should be considered as minimum values.
Enrichment of CKD melts in S coupled with highest U/Th,
87Sr/86Sr, 18O and 11B results from a particularly high fluid
flux from the altered oceanic crust and subducted sea-
mounts. The strongest slab signature is associated with the
highest magma production rate in this region.
Cl degasses to a lesser extent compared to sulfur and in
some samples did not degas at all. Interaction with a mantle
component that has been enriched by a Cl–B–Na-rich fluid
from the altered subducted basalts could be the major
additional source for Cl in Kamchatka melts.
F content in our melt inclusions is not affected by
degassing and thus should reflect primary values. Pro-
gressive enrichment in fluorine from East to West could
result from the successive of breakdown of F-bearing
minerals (like phengite and lawsonite) with increasing slab
Table 4 Parameters and results of model calculations of the S, Cl, and F budget for the mantle wedge and subduction component across the
Kamchatka arc
S (ppm) % Cl (ppm) % F (ppm) % Cl/S in fluid F/Cl in fluid
Melt inclusion data
EVF 1,600 1,100 450
Kluchevskoy. CKD 2,500 1,100 300
Kamen. CKD 1,600 1,300 900
SR 1,500 500 600
Mantle sources
Depleted N-MORB-source 50–150a 21 7–36
OIB-source 200–300 30–75 100–180
Mantle contribution
EVF 125–375 8–23 101 9 28–145 6–32
Kluchevskoy. CKD 147–440 6–18 163 15 40–208 13–69
Kamen. CKD 147–440 9–28 163 13 40–208 4–23
SR 177–485 12–32 197–217 39–43 76–281 13–47
Subduction contribution
EVF 1,225–1,475 77–92 999 91 305–422 68–94 0.68–0.82 0.31–0.42
Kluchevskoy. CKD 2,060–2,353 82–94 937 85 92–260 31–87 0.40–0.46 0.10–0.28
Kamen. CKD 1,160–1,453 72–91 1,137 87 692–860 77–96 0.78–0.98 0.61–0.76
SR 1,015–1,323 68–78 283–303 57–61 319–524 53–87 0.21–0.30 1.05–1.85
a Ranges in value correspond to the lowest and highest volatile concentrations in the mantle wedge assumed in our model
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depth. These minerals are enriched in K, Li, LREE and F
and could carry water rich fluids to 300 km depth (Schmidt
1996).
We argue that the dehydration of different water-rich
minerals at different depths from the arc front (low P–T
conditions) to back arc (high P–T conditions) mainly ex-
plains the difference in fluid composition across the
Kamchatka arc. Fluids in the arc front are derived from the
amphibole and serpentine dehydration and are water-rich,
low in silica and high in B, LILE, sulfur and chlorine.
These fluids also carry some amount of fluorine but the
fluid F/Cl ratio is less than 0.5. Bureau and Keppler (1999)
showed that such water-rich fluids from the first dehydra-
tion slab stage, would be very mobile and should produce
large degrees of melting. This is observed in the EVF and
CKD.
Fluids released at high pressures below the SR back arc
are very different from water-rich arc-front fluids (EVF and
CKD) in their density, composition, and mobility. Such
deep fluids are much denser. They dissolve significant
amounts of silicate minerals (Stalder et al. 2001) and could
be highly enriched in LILE and LREE (Keppler 1996).
The CKD appears to be a place where several fluids
occur together, suggesting a large heterogeneity in the
fluid-modified mantle. This is implied by the fact that
Kluchevskoy and Kamen volcanoes, which are situated
nearby each other and have rather similar mantle derived
components, show quite different fluid patterns. On one
hand, a B-rich fluid could be transported to this depth with
cold subducted slab and hydrated fore arc mantle. As a
result, all melts from the CKD are enriched in B, S and Cl
compared to SR. On the other hand, at a depth between 100
and 200 km, the dehydration of lawsonite and phengite
starts and released fluids are poorer in water, but richer in
silica and fluorine. Such fluids probably also transport
significant amounts of HFSE. Moreover, at this depth,
serpentine decomposes to clinohumite, enstatite and fluid
(Stalder and Ulmer 2001). Fluids at this depth are less
mobile, producing smaller degrees of melting than in the
EVF. However, the dehydration of different minerals in
oceanic basalts and oceanic lithosphere coupled with active
mantle upwelling in CKD region produce a strong fluid
flux and high volcanic activity.
A combination of (1) the absence of a significant sedi-
ment contribution or crustal assimilation in Kamchatka, (2)
the presence of a wide across-arc active volcanic zone with
abundant mafic olivine-rich rocks, and (3) the large and
variable fluid fluxes expected where large seamounts are
being subducted allows us to identify in detail the varia-
tions in volatiles and fluid-mobile trace elements with
increasing slab depth to 300–400 km. As such, the Kam-
chatka traverse provides an ideal case for deciphering
different fluid signatures. The observed strong geochemical
zonations in volatiles and fluid-mobile elements and de-
coupling of two fluids, one B- and the other Li-rich along
the 200 km transect, can only be explained by continuous
dehydration of different water-rich minerals of a single
subducted oceanic crust. The significant change in fluid
chemistry with slab depth and the overlap of different
distinct fluids could provide clues on the type and com-
position of hydrous phases in the subducting slab.
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